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(54) Title: SINC5LH CRYSTAL DIAMOND PRHPARHD BY CVD 

(57) Abstract: A sintiie coy'slal diamond prepared by CVD and having one or more electronic characierislics: makinii the diamond 
suitable lor electronic applicaiiohs. Also provided is a method of making ihe single crystal CVD diamond. 
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SINGLE CRYSTAL DIAMOND PREPARED BY CVD 



BACKGROUND OF THE INVENTION 

This invention relates to diamond and more particularly to diamond produced 
by chemical vapour deposition (hereinafter referred to as CVD). 

Methods of depositing materials such as diamond on a substrate by CVD are 
now well established and have been described extensively in the patent and 
other literature. Where diamond is being deposited on a substrate, the method 
generally involves providing a gas mixture which, on dissociation, can provide 
hydrogen or a halogen (e.g. F,CI) in atomic form and C or carbon-containing 
radicals and other reactive species, e.g. CHx, CFx wherein x can be 1 to 4. In 
addition, oxygen containing sources may be present, as may sources for nitrogen 
and for boron. In many processes inert gases such as helium, neon or argon are 
also present. Thus, a typical source gas mixture will contain hydrocarbons CxHy 
wherein x and y can each be 1 to 10 or halocarbons CxHyHalz (Hal = halogen) 
wherein x and z can each be 1 to 10 and y can be 0 to 10 and optionally one or 
more of the following: COx, wherein x can be 0,5 to 2, O2, H2, N2. NH3, B2H6 and 
an inert gas. Each gas may be present in its natural isotopic ratio, or the relative 
isotopic ratios may be artificrlly controlled; for example hydrogen may be present 
as deuterium or tritium, and carbon may be present as ""^C or ^^C. Dissociation 
of the source gas mixture is brought about by an energy source such as 
microwaves, RF energy, a flame, a hot filament or a jet based technique and the 
reactive gas species so produced are allowed to deposit onto a substrate and 
form diamond. 
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CVD diamond may be produced on a variety of substrates. Depending on the 
nature of the substrate and details of the process chemistry, polycrystalline or 
single crystal CVD diamond may be produced. The production of 
homoepitaxial CVD diamond layers has been reported in the literature. 

European Patent Publication No. 0 582 397 describes a method of producing a 
polycrystalline CVD diamond film having an average grain size of at least 7 
microns and a resistivity, carrier mobility and carrier lifetime yielding a collection 
distance of at least 10 i-im at an electric field strength of 10 kV/cm. This is a 
diamond fiim of a quality which makes it suitable for use as a radiation detector. 
However, applications for films having collection distances as low as 7jjjn are 
very limited. 

European Patent Publication No. 0 635 584 describes a method of producing a 
CVD polycrystalline diamond film using an arc jet process with low methane 
levels (less than 0,07%) and an oxidant. The diamond material has a narrow 
Raman peak, a relatively large lattice constant, and a charge carrier collection 
distance of greater than 25 ^im. However, the performance of polycrystalline 
diamond films in electronic applications is believed to be adversely affected by 
the presence of grain boundaries. 

It has not previously been reported that single crystal CVD diamond can be 
grown with sufficient control to achieve high performance detector material. 
Collection distances measured on natural single crystal diamond havp been 
reported of about 28 pim at 10 kV/cm and 60 i-tm at bias voltages of 26 kV/cm. In 
high quality type lla natural single crystal diamond the collection distance has 
been shown to vary neariy lineariy with bias voltage up to 25 kV/cm, unlike 
polycrystalline material which typically shows saturation of the collection distance 
at about 10 kV/cm. 
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the presence of .mpunt.es and lattice defects which reduce the free earner 
mob,l.ty and free carrier recombination lifetime of the carrier. 

Prior art has generally concerned itself with the thermal optical and 
mechanical properties of CVD diamond. 

SUMMARY OF THF IM\/PMTf^,.| 

According to a first aspect of the invention, there is provided a single crystal 
diamond prepared by CVD and having at least one of tl .7 
characteristics: °^ following 



(i) 



(ii) 



-n the off state, a resistivity R, greater than 1 x 10- £^ cm and 
preferably greater than 2 x 10- n cm. and more preferably 
greater than 5 x lO^^n cm. al, measured at an applied field of 50 
V/Mm and 300 K (or 20'C, which for the purposes of this 
invention is considered equivalent) 

a high breakdown voltage in the off state, and high current with 
long carrier life time in the on state and, more particularly a ,x 

product greater than 15 x m-e ^r^^A/ ^ . 

■'^n 1.0 X 10 cm A/, and preferably greater 

e.O X ,0 cm'/v, all measured a. an applied field o, 50 V/^m 
^nd 300 K. ^ is the mobility and x is the lifetime of the charge 
earners, the product representing the conthbution by a charge 
earner to the total charge dlsplacemem or current This 
Characteristic can also be measured and expressed as a charge 
collection distance; 



wo 01/96633 



PCT/IBOl/01037 

• 



- 4- 

(iii) an electron mobility (^e) measured at 300K greater than 2400 
cmVs'\ and preferably greater than 3000 cmV^s"\ and more 
preferably greater than 4000 cmVs \ in high quality type lla 
natural diamond electron mobilities, at 300 K, are reported to be 
typically 1800 cmV^s""* with exceptional values reported up to 
2200 cm Vs'; 

(iv) a hole mobility {^) measured at 300 K greater than 2100 
cm Vs ^ and preferably greater than 2500 cm Vs'\ and more 
preferably greater than 3000 cmVs V In high quality type lla 
natural diamond, hole mobilities at 300 K are reported to be 
typically 1200 cmV^s*"* with exceptional values reported up to 
1900cmV's-^ 

(v) a high charge collection distance greater than 150 jim, and 
preferably at least 400 |im, and more preferably at least 600 
ixm, all collection distances being measured at an applied field 
of 1 \//|j.m and 300 K. In high quality type lla natural diamond, 
charge collection distances are reported to be substantially less 
than 100 jam, and more typically about 40 \xrr\ at 300 K and an 
applied field of 1 V/p.m. 

In a wide band gap device such as one fabricated from diamond, the number 
of free charge carriers present under equilibrium conditions is extremely smaJ 
and dominated by the contribution from lattice defects and impurities; such a 
device is said to be in the "off state". The device can be put into the "on state" 
by the additional excitation of charge carriers by means such as optical 
excitation (primarily using optical energies near or greater than the band gap) 
or by charged particle excitation (e.g. alpha or beta particles). In the on state 
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detectors. ' °' ^PP««ttons and for 



™s ublr. Tr °' ~ °' PUHty and 

IS substantially free of crystal defects. 



a) Resistivity 



.ore a r:L:;t r;?,:Ccr: 

applied fields are indicative of the ouritv nf th^ ^- 

-enceo,,.p...a.aetects.::Lro;::^^^^^^ 

can a.hib,t high reslsWy a, ,ower app„ed field., eg leL ha t v T* 
shows breakdown behaviour with rapidly nslnp leaL; 
falds greater than 30 V,.. and OeJ^y^y ZT^Tr." " '''''' 
detennlned tro. a measurement ot J ^iZe Z^Z^T:'' 
^nown in the art. A sampte under test is prfpa^d i , ^ 
.hiCnass. Cleaned using standard diamond Tan o ,e h' """°™ 

™,:r .r:::ro;;::r ^^^^^^ - 

- encapsulation does no. add sl„l. to IIZ:!:::::: 
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Typical sample sizes are 0,01 - 0,5 mm thick by 3 x 3 mm - 50 x 50 mm 
laterally, but smaller or larger sizes may also be used. 

b) Product 

The single crystal CVD diamond of the invention may have a \jiT product 
greater than 1.5 x 10'^ cm^A/, preferably a jxx product of greater than 4.0 x 10'® 
cm^A/ and more preferably a jax product greater than 6.0 x 10"® cm^A/, all 
measurements at 300 K. The ixx product is related to the charge collection 
distance using the following equation: 

|j.tE = CCD 

(cmWs) x (s) X (V/cm) = cm 
where E = applied field 

The single crystal CVD diamond of the invention, particularly in its preferred 
form', has a high i.n product which translates into a high charge collection 
distance, much higher than has been achieved with any other known single 
crystal CVD diamond. 

When an electric field is applied to a sample using electrodes it is possible to 
separate the electron-hole pairs generated by photon irradiation of the sample. 
The holes drift toward the cathode and the electrons toward the anode. Light 
with a short wavelength (ultraviolet or UV light) and a photon energy above the 
bandgap of the diamond has a very small penetration depth into diamond and 
by using this type of light it is possible to identify the contribution of one type of 
carrier only dependent on which electrode is illuminated. 

The \ix product referred to in this specification is measured in the following 
way: 
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(i) 



(ii) 



(iii) 



A sample of diamond is prepared as a plate in excess of » 100 

m thick. 



(Iv) 



T, sen„.^anspare„, ccmaCs .re spuBered onto bcm sides of 
the .amend p,a,e and then patterned using standa^ 

™^ -«ab,e 

A 10HS p.,se of monociiromatic Xe ligh, (wavelength 218 nm) 
.3 used ,0 exc«e earners, >„,h me ph«„cun-e« generated 
be,ng measured in an externa, circuit. Ti,e puise length „, ,o 
.3 far longer than other processes suet, as the transit ,in,e 
and the oamer ,i,e.,n,a and the system can be considered to 
be n e,u,„briun, a. all times during the pulse. The penetration 
Of light ,nto the diamond a. this wavelength Is only a few 

0 T , '"'-^"V -d (about 

at W/om^,, so that No is relatively iow and the interna, «e,d is 
then reasonably approximated by the applied field The 
applied field is kept below the threshold above which mobility 
becomes fleld dependent The applied field is also Kept below 
the value above which a significaht proportion of the charge 
earners reach the far side of the diamond and the total charge 
collected Shows satura..n (with biooKIng contacts; „on- 
blocl<,ng contacts can show gain at this point). 

The ^, product is derived by relating the collected charge to 
the applied voltage using the Hecht relation. 

Q=N,ejnE/D(1-exp{-D%,E))) 
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In this equation Q is the charge collected at the non-illuminated 
contact, No the total number of electron hole pairs generated by 
the light pulse, E the applied electric field, D the sample 
thickness, and ^ix is the mobility and lifetime product to be 
determined. 

(v) As an example, if the illuminated electrode is the anode 
(cathode), then the charge carriers are generated within a few 
^m of the surface, and the charge displacement of the 
electrons (holes) to the nearby electrode is negligible. In 
contrast, the charge displacement of the holes (electrons) 
towards the opposing contact is significant, and limited by the 
product, where both ^ and x are specific to the particular 
charge carriers moving towards the non-irradiated electrode. 

c) High Coliection Distance 

The single crystal CVD diamond of the invention will have a high collection 
distance and typically a collection distance of greater than 150 i-im, preferably 
greater than 400 p.m and more preferably greater than 600 |am, all distances 
being at 1V/|Lim applied field and 300 K. 

Collection distance and its determination are known in the art. Radiation such as 
UV, X-rays and gamma rays impinging on diamond can form electron hole pairs 
which drift under an applied voltage between electrodes. Typically, for 
penetrating radiation such as beta and gamma rays the electrodes are placed on 
opposite surfaces of a diamond layer whose thickness is typically 200-700 j-im but 
can range from less than 100 i-im to greater than 1000 |Lim and the charge 
carriers (electrons/holes) drift through the thickness of the layer. For highly 
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cha,3s Carrie,^ This ch=r„» w , ^^'^^^ *e 

«. This is tt,e collecion L u '™ " '^=°'"''™<'on *ps its 

o'ch3,esj;rr^r~rj:e:°"— 

uncom,:«nsated ta=s) or Ih. i„ 1 '""^^ "'^ 

then the measured value is likelv to = , ^^^'^ 

likely to be a lower limit rather than the actual value. 

The collection distances referred to in tmo 

following procedure: >^ 



V 



O m c 3PO, oontacs are placeC on eifter side of me layer under tes. 

Th.s layer ,s typical,, 300 - TOO ^ ,hicK and 5 - 10 mn, square ^JZ 
r ™^ ^or„,a,ion o, oh.ic LZ^^^ 

than contacs showing dioda Pehaviour, is ^por^ntTrr^: : 

measurement. This ran ho o^k- ^ • reiiawe 
nis can be achieved in several ways but tvolcalK/ th^ 
procedure is as foilov^s' tyP^cally the 
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i) the surface of the diamond is oxygen terminated, using for 
example, an oxygen plasma ash, minimising the surface electrical 
conduction (reducing the 'dark current' of the device); 

ii) a metallisation consisting of first a carbide former (e.g. Ti, Cr) and 
then a thicker layer of protective material, typically Au (to which a 
wire bond can be made), is deposited onto the diamond by 
sputtering, evaporation or similar method. The contact is then 
typically annealed between 400 - 600''C for up to about an hour. 

2) Wire bonds to the contacts are made, and the diamond connected in a 
circuit, with a bias voltage of typically 2 - 10 kV/cm. The 'dark current' or 
leakage current is characterised, and in a good sample should be less 
than 5 nA, and more typically less than 100 pA at 2.5 kV/cm, using 3 
mm diameter spot contacts. 

3) The collection distance measurement is made by exposing the sample 
to beta radiation, with a Si trigger detector on the exit face to a) indicate 
that an event has occurred, and b) ensure that the beta particle was not 
stopped within the diamond film which would result in a much larger 
number of charge carriers being formed. The signal from the diamond is 
then read by a high gain charge amplifier, and, based on the known 
formation rate of charge earners of about 36 electron/hole pairs per 
linear ^m traversed by the beta particle, the collection distance can be 
calculated from the charge measured by the equation: 

CCD = CCExt 

where t = sample thickness 
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CCE = Charge collection efficiency = charge 

collected/tota/ Charge generated 
CCD - charge collection distance. 

) For completeness, the collprtfor, w . 
voltages up to 10 kv/cm bia, , 

p~..p.a.e.:z: 

as values measure, on Poo^s Iprrr t''" ^^^^^^^ 
treatmeni history. ""^'^^^ »* "me and 

A further issue in measutement of the colleclinn w . 

™.eha, is i„ ,^ ^ u„pu.pe7ra f '^^ 

radiation (l«ta, gamma etc) fora sufti T '''^^ °' 

distance measured can rise ,1 , ""««on 

cvo dramohd a.ou;t:'r::te::r," 

in high purity singie c^sta, p„„,i!! t""' ^""^ ^^^'V 
oomnion with „o measurahi. ■ ^ °' " ■'■^ 

can t« aohie>,ed hy e^l , ^"^^ ^P™P-9 

-ced »aye,e„;s;:r r::r r:r r °^ 

-e,.,bte. Tl-e^iiection distances re,mr;r "'^ 
a« <n the unpumped state whatever JZ ZT '^"""^ 
'n certain applications (e a hioh . " °' 

--easei„c„,,^.r:tat 

beneficiatiy to enhance the detectabiiitrj ! "^^^ 

detect, .on, any de-pul J,^ «^«n. 

instability in devrice oain ^J ^'^""" *er applications, the 

deletenous. "'"^ P'"^P'"9 's severely 
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d) Electron Mobility 

The single crystal CVD diamond of the invention also has a high electron mobility 
(^Le) and more particularly, an electron mobility measured at 300 K greater than 
2400 cmVs'\ and preferably greater than 3000 cmVs'\ and more 
preferably greater than 4000 cmV'*^s'\ In high quality type lla natural diamond 
electron mobilities at 300 K are reported typically to be 1800 cmVs"'' with 
exceptional values reported up to 2200 cmV'^s'V 

e) Hole Mobility 

The single crystal CVD diamond of the invention also has a high hole mobility 
(p-h) and more particularly, a hole mobility measured at 300 K greater than 
2100 cmV"''s'\ and preferably greater than 2500 cmV''*s'\ and more 
preferably greater than 3000 cmVs"\ In high quality type lla natural diamond 
hole mobilities at 300 K are reported typically to be 1200 cm^V'^s"'^ with 
exceptional values reported up to 1900 cm^V"''s'\ 

The characteristics described above are observable in the majority volume of 
the diamond. There may be portions of the volume, generally less than 10 
percent by volume, where the particular characteristic is not observable. 

The single crystal CVD diamond of the invention has particular application in 
electronic applications and more particularly as a detector element or switching 
element. The high breakdown voltage in the off state of the diamond makes it 
particularly suitable as a component in an opto-electric switch. The use of the 
diamond in these applications forms another aspect of the invention. 

The novel single crystal CVD diamond of the invention may be made by a 
method which forms yet another aspect of the invention. This method includes 
the steps of providing a diamond substrate having a surface which is 
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3.bs,an,la„y free o, crystal defects, providing a source gas dissociating .he 
source gas and aiiowing hon,oepi,axia, diamond growth In the 1" 
IS substantially free of crystal d»f»«. • » '^^ on the surface which 

-nSOOpaJperhilJCt ^^'^ '^^ 



DESCRIPTinN OF FMRnnin/iFMTT 



In addition to the characteristics described above th. • , 
diamond o, the invention ^y have Le 7 Z^T^^Tl 
Characteristics: following 



1. 



2. 



A level of any single impuhty of not greater than 5 ppn, and a total 
^PUhJy contenfof no.greater.han ,Oppm. P.efera Jhe , v , of ^y 
ihlpunty IS no. grearer than 0,5 .o 1 ppn, and ,he .o.a, „pu„.y con.en I 
no, grea.er .han . .o 5 pp„. ^^^^^^ J ~ 

by secondary ,o„ mass spec.ros„py (StMS), glow discharg . 
spec^scopy (GDMS). comhus.ion mass speCroscopy (CMS, eleZ 
paramagnetic resonance (EPR) and ,R absorption, aL in a d "fl 

:r: :r rr ^ —re: r:; : 

nn. ,c „brated against standard values ob.ained from samples 
destr c,„e,y analysed by combustion anaiysis,, ,n the above, "impul! 
excludes hydrogen and its isotopicfonrts.. 

A cathodolu^lnescenoe (CL, emission signal in the 575 nm bar^ w.,-ch 
^ low or absent, and an associated phototuminescence ,PL, T 

300 mW tncden, beam, which has a peak height <1/1000 of the 
d^mond Raman pea. a, ,332 cm'. These bands are relatH 
h^ogen/vacancy defects and .heir presence ind,ca.es «,e pres^^ 
n^ogen ,„ the «,m. Due ,o ,he possible presence of coTp^i^! 
.uenching mechanisms, the.no^alised intensity of the 575 nX 
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not a quantitative measure of nitrogen nor is its absence a definitive 
indication of the absence of nitrogen in the film. CL is the luminescence 
resulting from excitation by electron beam at a typical beam energy of 
10 to 40 keV which penetrates about 30 nm to 10 microns into the 
sample surface. Photoluminescence is more generally excited through 
the sample volume. 

3. i) A uniform strong free exciton (FE) peak at 235 nm in the CL 

spectrum collected at 77 K. The presence of a strong free exciton 
peak indicates the substantial absence of defects such as 
dislocations and impurities. The link between low defect and 
impurity densities and high FE has been previously reported for 
individual crystals in polycrystalline CVD diamond synthesis, 

ii) Strong free exciton emission in the room temperature UV-excited 
photoluminescence spectrum. 

Free exciton emission can also be excited by above-bandgap 
radiation, for example by 193 nm radiation from an ArF excimer 
laser. The presence of strong free exciton emission in the 
photoluminescence spectrum excited in this way indicates the 
substantial absence of dislocations and impurities. The strength 
of free exciton emission excited by 1 93 nm ArF excimer laser at 
room temperature is such that the quantum yield for free exciton 
emission is at least 10"^. 

4. in electron paramagnetic resonance (EPR), a single substitutional 
nitrogen centre [N-C]° at a concentration < 40 ppb and more typically 
< 10 ppb indicating low levels of nitrogen incorporation. 



)OClD- <WO 0196633A1J. > 



wo (»l/96r,33 




PCT/IBOl/01037 



- 15 



5- ^'^f^' 3 spin density < 1 X 10" rm-3 ^ x . 

at 0 = 20028 In , ° ™ 3ndmDretyp,ca||y<5x10"cm-» 

9 2,0028. In single crystal diamond this line at a = 2 0028 Is rel=, w 
~ defect concen^atlons and Is tvpicaliy Je in t 
diamond, ,n CVD diamond plasty,, defc^ed .Hrough indentation a d 
in poor quality homoepHaxial diamond 

6. Excellent optica, properties having a UVA,lsib,e and ,R (Infrared, 
^ansparency close to the theorem maximum ,o, diamond aL mor! 
particularly ,o» or absent single substitutional n^ogen abso,p«„n" 
270 nm ,n the UV, and low or absent C-H stretch bonds in ,hel^ 
range 2500 to 3400 cm- wavenumbers In ma IR. ^ 

-approach inciudep^^idlngagrrr^^^^^^^^^ 

:r r :::: r " ^-^^^ " = ^^^^ '--^ --^^^^^^ 

een reauced by processing. In addition the r\/n h: 
invention may ,orm one layer In a mu.ilayer dev , wL Z" lam": 
layers may, ,or example, be doped to provide electrical conTac or a c 
junctions ,o the CVD diamond, or merely be present ,o ! 
CVD diamond. ^""""^ »° '"e 



aiamond or a CVD synthesised single crystal diamond. 
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The defect density is most easily characterised by optical evaluation after using a 
plasma or chemical etch optimised to reveal the defects (referred to as a 
revealing plasma etch), using for example a brief plasma etch of the type 
described below. Two types of defects can be revealed: 

1) Those intrinsic to the substrate material quality, in selected 
natural diamond the density of these defects can be as low as 
50/mm^ with more typical values being 10^/mm^, whilst in others it 
can be 10^/mm^ or greater. 

2) Those resulting from polishing, including dislocation structures and 
microcracks in the form of 'chatter tracks' along polishing lines. 
The density of these can vary considerably over a sample, with 
typical values ranging from about 10^/mm^, up to more than 
10^/mm^ in poorly polished regions or samples. 

The preferred low density of defects is thus such that the density of surface etch 
features related to defects, as described above, is below 5 x and more 

preferably below 10^/mm^. 

The defect level at and below the substrate surface on which the CVD growth 
takes place may thus be minimised by careful preparation of the substrate. Here 
preparation includes any process applied to the material from mine recovery (in 
the case of natural diamond) or synthesis (in the case of synthetic material) as 
each stage can influence the defect density within the material at the plane which 
will ultimately form the substrate surface when processing to form a substrate is 
complete. Particular processing steps may include conventional diamond 
processes such as mechanical sawing, lapping and polishing, and less 
conventional techniques such as laser processing or ion implantation and lift off 
techniques, chemical/mechanical polishing, and both liquid and plasma chemical 
processing techniques. In addition, the surface Ra (arithmetic mean of the 
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absolute deviation of surface Drafii*> frorv, ♦u 

immediatelv Drior to tho „r.„.Hu °® nor 

ine etch rate. For example, t car, consist of one or more of 

(0 an oxygen etch using predominantly hydrogen „,.h optionally a 
small amount o, Ar and a .,u.ed small amount o, o ^ ca 
oxygen etch condiBons are pressure, o, 50^50 x 1^ Pa " 
etching gas containing an oxygen content o, , ,o 4 percent an 
argon content ot 0 to 30 pe^nt and the balance hydrc^e ' 

1 00 C (more ,yp,ca„y aOOX, and a ty^cal duration o, 3^o 



(ii) 



(iii) 



a Mrcgen etch which is similar ,o ,1, hu, where the oxygen is 



alternate methods tor the etch not solely based on argon 
hydrogen and oxygen may be used, ,or example, those u^llg 
halogens, other inert gases or nitnDgen. ® 
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Typically the etch consists of an oxygen etch followed by a hydrogen etch and 
then the process moves directly into synthesis by the introduction of the carbon 
source gas. The etch time/temperature is selected to enable any remaining 
surface damage from processing to be removed, and for any surface 
contaminants to be removed, but without forming a highly roughened surface and 
without etching extensively along extended defects (such as dislocations) which 
intersect the surface and thus cause deep pits. As the etch is aggressive, it is 
particularly important for this stage that the chamber design and material 
selection for its components be such that no material from the chamber is 
transferred by the plasma into the gas phase or to the substrate surface. The 
hydrogen etch following the oxygen etch is less specific to crystal defects 
rounding off the angularities caused by the oxygen etch (which aggressively 
attacks such defects) and provides a smoother, better surface for subsequent 
growth. 



The surface or surfaces of the diamond substrate on which the CVD diamond 
growth occurs are preferably the {100}, {110}, {1 13} or {1 1 1} surfaces. Due to 
processing constraints, the actual sample surface orientation can differ from 
these ideal orientations by up to 5"*, and in some cases up to lO"*, although this 
is less desirable as it adversely affects reproducibility. 

It is also important in the method of the invention that the impurity content of 
the environment in which the CVD growth takes place is properly controlled. 
More particularly, the diamond growth must take place in the presence of an 
atmosphere containing substantially no nitrogen, i.e. less than 300 parts per 
billion (ppb, as a molecular fraction of the total gas volume), and preferably 
less than 100 parts per billion. The role of nitrogen in the synthesis of CVD 
diamond, particularfy polycrystalline CVD diamond, has been reported in the 
literature. For example, it has been noted in these reports that gas phase 
nitrogen levels of 10 parts per million or greater modify the relative growth 
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:lTc:Z7 T ' -^^-.e. L ,0. 

<ew pa«s per m«o„ .ay be used^ However, none o, these ™ 
prooesses disclose .e,hods o, „»,o.en analysis which are slien«v 
sens,„ve ,o ensure .ha, the nitrogen conten, Is substantially below 
™,l,on, and in the region o, 300 or less parts per billion. Measu Iren,^ 

si: t::: t ~ — otograph. ^zz 

oT such a method is now described: 

(1) Standard gas chromatography (GC) art consists of A gas 
sample stream is extracted from the point of interest using a 
narrow bore sample line, optimised for maximum flow velocity 
and minimum dead volume, and passed through the GC sample 
co,l before being passed to waste. The GC sample coil is a 
section Of tube colled up with a fixed and known volume 
(typically 1 cm3 for standard atmospheric pressure injection) 
wh.ch can be switched from its location in the sample line into 
the carrier gas (high purity He) line feeding into the gas 
Chromatography columns. This places a sample of gas of 
known volume into the gas flow entering the column; in the art 
th(s procedure is called sample injection. 

The injected sample is carried by the earner gas through the 
f.rst GC column (filled with a molecular sieve optimised for 
separafon of simple inorganic gases) and is partially separated 
but the high concentration of primary gases (e.g. H.. Ar) causes 
column saturation which makes complete separation of the 
nitrogen difficult. The relevant section of the effluent from the 
first column is then switched into the feed of a second column 
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thereby avoiding the majority of the other gases being passed 
into the second column, avoiding column saturation and 
enabling complete separation of the target gas (N2). This . 
procedure is called "heart-cutting". 

The output flow of the second column is put through a discharge 
ionisation detector (DID), which detects the increase in leakage 
current through the carrier gas caused by the presence of the 
sample. Chemical identity is determined by the gas residence 
time v^hich is calibrated from standard gas mixtures. The 
response of the DID is linear over more than 5 orders of 
magnitude, and is calibrated by use of special calibrated gas 
mixtures, typically in the range of 10-100 ppm, made by 
gravimetric analysis and then verified by the supplier. Linearity 
of the DID can be verified by careful dilution experiments. 

(2) This known art of gas chromatography has been further 
modified and developed for this application as follows: The 
processes being analysed here are typically operating at 50 - 
500 X 10^ Pa. Normal GC operation uses the excess pressure 
over atmospheric pressure of the source gas to drive the gas 
through the sample line. Here, the sample is driven by 
attaching a vacuum pump at the waste end of the line and the 
sample drawn through at below atmospheric pressure. 
However, whilst the gas is flowing the line impedance can cause 
significant pressure drop in the line, affecting calibration and 
sensitivity. Consequently, between the sample coil and the 
vacuum pump is placed a valve which is shut for a short 
duration before sample injection in order to enable the pressure 
at the sample coil to stabilise and be measured by a pressure 
gauge. To ensure a sufficient mass of sample gas is injected, 
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the sample coil volume is enlarged to about 5 cm^ Dependent 
on the design of the sample line, this technique can operate 
effectively dov.n to pressures of about 70 x 10^ Pa. Calibration 
of the GC is dependent on the mass of sample injected, and the 
greatest accuracy is obtained by calibrating the GC using the 
same sample pressure as that available from the source under 
analysis. Very high standards of vacuum and gas handling 
practice must be observed to ensure that the measurements are 



correct. 



The point of sampling may be upstream of the synthesis 
chamber to characterise the incoming gases, within the 
Chamber to characterise the chamber environment or 
downstream of the chamber to measure a worst case value of 
the nitrogen concentration within the chamber. 

The source gas may be any known in the art and will contain a carbon- 
containing material which dissociates producing radicals or other reactive 
speces. The gas mixture will also generally contain gases suitable to provide 
hydrogen or a halogen in atomic form. 

The dissociation of the source gas is preferably carried out using microwave 
energy m a reactor examples of which are known in the art. However the 
transfer of any impurities from the reactor should be minimised. A microwave 
system may be used to ensure that the plasma is placed away from all surfaces 
except the substrate surface on which diamond growth is to occur and its mount 
Examples of preferred mount materials are: molybdenum, tungsten, silicon and 
s .con carbide. Examples of preferred reactor chamber materials are stainless 
steel, aluminium, copper, gold, platinum. 
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m A high plasma power density should be used, resulting from high microwave 

power (typically 3-60 kW, for substrate diameters of 50-150 mm) and high gas 
pressures (50-500 x 10^ Pa. and preferably 100-450 x 10^ Pa). 

Using the above conditions it has been possible to produce high quality single 
crystal CVD diamond layers with a value for the product of mobility and lifetime, 
jxT, in excess of 1,5 x 10"® cm^A/, e.g. 320 x 10"® cm"A/ for electrons and 
390 X 10'^ cm^A/ for holes. 

An example of the invention will now be described. 
EXAMPLE 1 

Substrates suitable for synthesising single crystal CVD diamond of the invention 
may be prepared as follows: 

i) Selection of stock material (la natural stones and lb HPHT stones) was 
optimised on the basis of microscopic investigation and birefringence 
imaging to identify substrates which were free of strain and imperfections. 

ii) Laser sawing, lapping and polishing processes were used to minimise 
subsurface defects using a method of a revealing plasma etch to 
determine the defect levels being introduced by the processing. 

iii) . It was possible routinely to produce substrates in which the density of 

defects measurable after a revealing etch is dependent primarily on the 
matehal quality and is below 5 x 10^/mm^, and generally below 10^/mm^. 
Substrates prepared by this process are then used for the subsequent 
synthesis. 
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A h,gh temperature/high pressure synthetic type lb diamond was grown in a high 
pressure press, and then prepared as a substrate using the method described 
above to nnlnimise substrate defects. In finished form the substrate was a plate 5 
X 5 mm square by 500 ,.m thick, with all faces {100}. The surface roughness at 
this stage was less than 1 nm R,. The substrate was mounted on a tungsten 
substrate using a high temperature braze suitable for diamond. This was 
introduced into a reactor and an etch and growth cycle commenced as described 
above, and more particularly: 

1) The reactor was pre-frtted with point of use purifiers, reducing 
nitrogen levels in the incoming gas stream to below 80 ppb, as 
detemiined by the modified GC method described above. 

2) An in situ oxygen plasma etch was performed using 30/150/1200 
seem {standard cubic centimetre per second) of O^/Ar/H^ at 
333 X 10^ Pa and a substrate temperature of SOCC. 

3) This moved without interruption into a hydrogen etch with the 
removal of the O2 from the gas flow. 

4) This moved into the growth process by the addition of the carbon 
source which in this instance was CH, flowing at 30 seem. The 
growth temperature at this stage was 980°C. 

5) The atmosphere in which the growth took place contained less 
than 100 ppb nitrogen, as determined by the modified GC method 
described above. 

6) On completion of the growth period, the substrate was removed 
from the reactor and the CVD diamond layer removed from the 
substrate. 
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n 

7) This layer was then polished flat to a 410 jLim thick layer, cleaned 
and oxygen ashed to produce a surface terminated by O and 
tested for its charge collection distance. This was found to be 380 

at an applied field of 1 V/jim (a value invariably limited by the 
sample thickness) giving a lower limit for the product of mobility 
and lifetime, \xx, of 3,8 x 10"*^ cm^A/, 

8) The resistivity of the diamond layer, in the off state, was found to 
be 6 X 10^'' Q cm when measured at 20°C at an applied field of 
50 V/|Lim. 

9) The layer, identified as HDS-1, was further characterised by the 
data provided below and in the attached Figures 1 to 8: 

i) The CL spectra showing low blue band, low 575 nm and 
high FE emissions (Figures 1 and 2). 

ii) EPR spectra, showing low substitutional nitrogen and a 
weak g = 2,0028 line (Figures 3 to 5). 

iii) Optical spectra showing the near theoretical transmission 
(Figure 6). 

iv) X-ray rocking curves map, showing the angular spread of 
the sample to be less than 1 0 arc sec (Figure 7). 

v) Raman spectrum showing a line width (FWHM) to be about 

2 cm"^ (Figure 8). 
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EXAMPLE 2 

The procedure set out in Example 1 was repeated with the following variation in 

conditions: 

Ar 75 seem. 600 seem. CH. 30 seem, 820=C. 7.2 kW, less than 200 ppb 
nitrogen, as measured by the modified GC method described above. 

The CVD diamond layer produced was processed to a layer 390 ^m thiclc for 
testing. The product was found to be 320 x 10- cm^/v for electrons and 
390 X 10- cm^/V for holes (measured at 300 K). giving a mean value of 355 x 10- 
cmW. 

EXAMPLE 3 

The procedure set out in Example 1 was further repeated with the following 
variation in conditions: 

Ar 150 seem. H. 1200 seem. CH. 30 seem. 237x 10^ Pa and a substrate 
temperature of 822X. less than 100 ppb nitrogen, as measured by the modified 
GC method described above. 

The CVD diamond layer produced was processed to a layer 420 ,.m thick for 
testing. The collection distance of the layer was measured to be > 400 ^m The 
resistivity the layer at an applied field of 50V/^m exceeded 1 x 10^^ .Q cm. 

EXAMPLE 4 

The procedure set out in Example 1 was further repeated with the following 
variations in conditions: 
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The oxygen plasma etch used 15/75/600 seem of Q2IMH2. This was followed by 
a hydrogen etch using 75/600 seem Ar/H2. Growth was initiated by the addition 
of the carbon source which in this instance was CH4 flowing at 30 seem. The 
growth temperature at this stage was 780*'C. 

The CVD diamond layer produced had a thickness of 1500 |a.m, and was 
processed into a layer 500 i-im thick for testing. 

1) The charge collection distance was found to be 480 j.im at an applied 
field of 1 V/j-im and 300 K, (a value limited by the sample, thickness) 
giving a lower limit to the product of mobility and lifetime, |.it, 4,8 x 10^ 
cxvrN. 

2) The |j.T product measured at 300 K using the Hecht relationship, as 
described above, was 1 ,7 x 10"^ cm^/V and 7,2 x 10"^ cm^/V for electrons 
and holes respectively. 

3) A space charge limited time of flight experiment measured the electron 
mobility, fie to be 4400 cm^/Vs at a sample temperature of 300 K, 

4) A space charge limited time of flight experiment measured ^h. the hole" 
mobility, to be 3800 cm^/Vs at a sample temperature of 300 K. 

5) SIMS measurements, showed that there is no evidence for any single 
defect present in concentrations abov^ 5x10^® cm"^ (excluding H and its 
isotopes). 

6) The measured resistivity was in excess of 5 x 10""* f2 cm at an applied 
voltage of 1 00 V/jim as measured at 300 K. 
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The PL spectrum showed low blue band and low 575 nm intensity 
(<1/1000 of Raman peak). The Raman FWHM line width was 1.5 cm'V 
The CL spectrum showed a strong FE peak. 

8) EPR spectra showed no (<7 ppb) substitutional nitrogen, and no (< 10 
PPb) g = 2.0028 line. 



FURTHER EXAMPi FR 

The procedure set out in Example 4 was repeated several times to produce free 
stand,ng high quality high purity single crystal CVD layers with thicknesses 
ranging from 50 - 3200 ^m. 

Various properties of the diamond were measured (at 300 K) and the results 
thereof are set out in the table. The dielectric breakdown voltage of the samples 
exceeded 100 V/pm. 



Example 
(Sample ID) 



Ex 1 (HDS-1) 

Ex 2 

Ex 3 

Ex 4 

EX 5 

EX6 



Plate 
Thickness 
((im) 

410 

390 
420 
500 
700 
1 000 



CCD 
(fxm) 



> 380* 



>400* 
>480* 
>650* 



(cmW) 



3.2 X lO-' 



1.7 x 10'-^ 
1.7 X 10-^ 
3,3X10-^ 
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Example 
(Sample 
ID) 


(cm^A/) 


(cm^A/s) 


(cm^A/s) 


Resistivity 

{Cl cm) at 
50V/^m 


Ex 1 (HDS-1) 








6x 10" 


Ex 2 


3,9 x 10"^ 








Ex 3 








>1 X 10"* 


Ex 4 


7,2X10-" 


4 400 


3 800 


>5x 10'^ 


Ex 5 


6,5 X 10"^ 


3 900 


3 800 


> 1 X 10'" 


Ex 6 


1,4 X lO-' 


4 000 


3 800 


>5x 10'^ 



* Minimum value, limited by sample thickness 
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BRIEF DESCRIPTtnM qf FIGURES 

Figure 1: Free exciton cathodoluminescence spectrum of HDS-1 at 77 K 
showing strong emission at 235 nm (transverse optic mode). 

Figure 2: Cathodoluminescence spectrum (77 K) of HDS-1, showing a 
broad weak band centred at approximately 420 nm. very weak lines at 533 nm 
and 575 nm and very intense free exciton emission (shown in second order at 
470 nm). 

Figures: Room temperature EPR spectra of (1) homoepitaxia! CVD 
diamond containing approximately 0.6 ppm of single substitutional nitrogen and 
(2) HDS-1. The spectra were measured under the same conditions and the 
samples were approximately the same size. 

Figure 4: EPR spectra recorded at 4.2 K of (i) high purity homoepitaxial 
CVD diamond grown simultaneously with HDS-1 which was plastically defonned 
after growth to demonstrate the influence on the EPR signal of structural defects 
created by indentation and (ii) HDS-1. The spectra were measured under the 
same conditions. 

Figure 5: Room temperature EPR spectra of type lla natural diamond and 
HDS-1 The spectra were measured under the same conditions and the samples 
were of the same size. 

Figures: Room temperature ultraviolet absorption spectrum of HDS-1. 
showing the intrinsic absorption edge and the absence of the absorption band 
centred at 270 nm attributed to single substitutional nitrogen. 
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s Figure 7: Double axis X-ray rocking curve of HDS-1 . 

Figure 8: Raman spectmm of HDS-1 measured at 300 K using the 488 nm 
line of an argon ion laser. 
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CLAIMS 

1 . A single crystal diamond prepared by CVD and having at least one of the 
following characteristics: 

(i) in the off state, a resistivity greater than 1 x 10'^ n cm at an 
applied field of 50 V/^m measured at 300 K; 

(ii) a high breakdown voltage in the off state, and high cun-ent mth 
long carrier life time in the on state; 



3. 



an electron mobility (He) measured at 300K greater than 2400 



cmV--^ 



(iv) a hole mobility (^t,) measured at 300K greater than 2100 
cmV^s-''; and 

(v) a high collection distance greater than 150 |.im measured at an 
applied field of 1 V/fim and 300 K. 

2. A single crystal diamond according to claim 1 which has a resistivity greater 
than 2 X 10" Q cm at an applied field of 50 V/jam measured at 300 K. 



A single crystal diamond accorr-ing to claim 1 which has a resistivity R, 
greater than 5 x 10^" n cm at an applied field of 50 V/^im measured at 
300 K. 



4. A single crystal diamond according to any one of the preceding claims 
which has a product measured at 30Q K greater than 1 .5 x IQ-'cmV 
where ^ is the mobility and x is the lifetime of the charge carriers. 
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6. 



7. 



8. 



9. 



10. 



11. 



12. 



13. 



..0196633A1 l.> 



A single crystal diamond according to claim 4 which has a \xx product 
measured at 300 K of greater than 4,0 x 10'*^cmV\ 

A single crystal diamond according to claim 4 which has a f.iT product 
measured at 300 K greater than 6,0 x 1 0*^cmV*\ 

A single crystal diamond according to any one of the preceding claims 
which has an electron mobility (j.ie) measured at 300 K greater than 
3 000 cmV^s-V 

A single crystal diamond according to claim 7 which has an electron 
mobility (j^) measured at 300 K greater than 4 000 cmV'''s'\ 

A single crystal diamond according to any one of the preceding claims 
which has a hole mobility measured at 300 K greater than 2 500 crrr\/''^s'\ 

A single crystal diamond according to claim 9 which has a hole mobility 
measured at 300 K greater than 3 000 cm Vs"\ 

A single crystal diamond according to any one of the preceding claims 
which has a collection distance measured at 300 K greater than 400 ^m. 

A single crystal diamond according to claim 11 which has a collection 
distance measured at 300 K greater than 600 ixm. 

A single crystal diamond according to any one of the preceding claims 
which has each of the characteristics (i), (ii), (iii), (iv) and (v). 
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14. A method of producing a single crystal diamond according to any one of the 
preceding claims which includes the steps of providing a diamond substrate 
having a surface which is substantially free of crystal defects, providing a 
source gas. dissociating the source gas and allowing homoepitaxial 
diamond growth on the surface which is substantially free of crystal defects 
.n an atmosphere which contains less than 300 parts per billion nitrogen. 

15. A method according to claim 14 wherein the substrate is a low 
birefringence type la or lib natural, lb or ila high pressure/high temperature 
synthetic diamond. 

16. A method according to claim 14 wherein the substrate is a CVD 
synthesised single crystal diamond. 

17. A method according to any one of claims 14 to 16 wherein the surface on 
which diamond growth occurs has a density of surface etch features related 
to defects below 5 x lOVmml 



18. 



19. 



A method according to any one of claims 14 to 16 wherein the surface on 
which diamond growth occurs has a density of surface etch features related 
to defects below 10^/mm^. 

A method according to any one of claims 14 to 18 wherein the surface on 
which the diamond growth occurs is subjected to a plasma etch to minimise 
surface damage of the surface prior to diamond growth. 



20. A method according to claim 1 9 wherein the plasma etch i; 



IS an in situ etch. 



21. A method according to claim 19 or claim 20 wherein the plasma etch is an 
oxygen etch using an etching gas containing hydrogen and oxygen. 
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22. A method according to claim 21 wherein the oxygen etch conditions are a 
pressure of 50 to 450 x 10^ Pa, an etching gas containing an oxygen 
content of 1 to 4%, an argon content of up to 30% and the balance 
hydrogen, all percentages being by volume, a substrate temperature of 600 
to 1 100°C. and an etch duration of 3 to 60 minutes. 

23. A method according to claim 19 or claim 20 wherein the plasma etch is a 
hydrogen etch. 

24. A method according to claim 23 wherein the hydrogen etch conditions are a 
pressure of 50 to 450 x 10^ Pa, an etching gas containing hydrogen and up 
to 30% by volume argon, a substrate temperature of 600 to 1 100°C and an 
etch duration of 3 to 60 minutes. 

25. A method according to any one of claims 19 to 24 wherein the surface on 
which the diamond growth occurs is subjected to both an oxygen and a 
hydrogen etch to minimise surface damage of the surface prior to diamond 
growth. 

26. A method according to claim 25 wherein the oxygen etch is followed by a 
hydrogen etch. 

27. A method according to any one of claims 19 to 26 wherein the surface Ra 
of the surface on which the diamond growth occurs is less than 10 
nanometers prior to that surface being subjected to the plasma etching. 

28. A method according to any one of claims 14 to 27 wherein the diamond 
growth takes place in an atmosphere which contains less than 100 ppb 



nitrogen. 
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29. A method according to any one of claims 14 to 28 wherein the surface on 
which diamond growth occurs is substantially a {100}. {110}. {1 13} or {1 1 1} 
surface. 



30. A method according to any one of claims 14 to 29 wherein the dissociation 
of the source gas occurs using microwave energy. 

31. The use of a single crystal diamond according to any one of claims 1 to 13 
in an electronic application. 

32. The use of a single crystal diamond according to any one of claims 1 to 1 3 
as a detector element or switching element. 

33. The use of a single crystal diamond of any one of claims 1 to 13 as a 
component in an opto-electric switch. 

34. A detector element or switching element comprising a single crystal 
diamond according to any one of claims 1 to 13. 
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